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a b s t r a c t

Scaffolds produced by rapid prototyping (RP) techniques have proved their value for tissue engineering
applications, due to their ability to produce predetermined forms and structures featuring fully intercon-
nected pore architectures. Nevertheless, low cell seeding efficiency and non-uniform distribution of cells
remain major limitations when using such types of scaffold. This can be mainly attributed to the inade-
quate pore architecture of scaffolds produced by RP and the limited efficiency of cell seeding techniques
normally adopted. In this study we aimed at producing scaffolds with pore size gradients to enhance cell
seeding efficiency and control the spatial organization of cells within the scaffold. Scaffolds based on
blends of starch with poly(e-caprolactone) featuring both homogeneously spaced pores (based on pore
sizes of 0.75 and 0.1 mm) and pore size gradients (based on pore sizes of 0.1–0.75–0.1 and 0.75–0.1–
0.75 mm) were designed and produced by three-dimensional plotting. The mechanical performance of
the scaffolds was characterized using dynamic mechanical analysis (DMA) and conventional compression
testing under wet conditions and subsequently characterized using scanning electron microscopy and
micro-computed tomography. Osteoblast-like cells were seeded onto such scaffolds to investigate cell
seeding efficiency and the ability to control the zonal distribution of cells upon seeding. Scaffolds featur-
ing continuous pore size gradients were originally produced. These scaffolds were shown to have inter-
mediate mechanical and morphological properties compared with homogenous pore size scaffolds. The
pore size gradient scaffolds improved seeding efficiency from !35% in homogeneous scaffolds to !70%
under static culture conditions. Fluorescence images of cross-sections of the scaffolds revealed that scaf-
folds with pore size gradients induce a more homogeneous distribution of cells within the scaffold.

! 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Tissue engineering aims at restoring or regenerating a damaged
tissue by combining cells with three-dimensional (3D) porous scaf-
folds. After isolation and eventual in vitro expansion, cells are
seeded on 3D scaffolds and implanted directly or at a later stage
in the patient [1]. Control of the cellular micro-architecture inside
the scaffolds is of great importance when developing tissue engi-
neering constructs. Moreover, early studies suggest that the mi-
cro-architecture of scaffolds might influence cell attachment and
orientation and induce different biological behaviors [2–4]. Ulti-
mately, optimizing and controlling these characteristics could lead
to better implants when attempting to restore damaged tissues.
Rapid prototyping (RP) is one of the most promising techniques

for designing and producing scaffolds for tissue engineering appli-
cations [5–11]. Many studies on the optimization of RP techniques
and scaffolds fabricated by these techniques have been reported in
the past few years [12–17]. The scaffolds are usually characterized
by their 100% interconnected pores, fully computer controlled
architecture and high porosities, which facilitate nutrient perfu-
sion, essential to ensure cell viability. However, these techniques
also present some drawbacks, including low resolution, which only
allows fabrication of scaffolds with large pore sizes compared with
the dimensions of a cell. This often leads to low cell seeding effi-
ciencies (25–40%) and to a non-uniform distribution of cells along
the scaffolds [18]. From a tissue engineering point of view it is
known that high cell densities are closely related to improved tis-
sue formation in 3D scaffolds [19–23]. However, achieving a high
cell seeding efficiency is very difficult, mainly due to the intrinsic
scaffold characteristics (large pore size, poor cell–material adhe-
sion and open pore architecture, among others) and limited cell
seeding techniques [24]. The shortage of cells upon seeding re-
quires longer periods of cell culture in order to obtain viable con-
structs. There is also some evidence that the growth of the cells
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in the scaffolds can be affected by the scaffold architecture due to a
lack of ingress of nutrients and metabolic product removal [25].
Moreover, it is well established that an inhomogeneous distribu-
tion of the cells upon seeding is associated with low rates of tissue
formation [19], a less uniform tissue [23] and a different cell differ-
entiation behavior [22]. Therefore, a low cell seeding efficiency and
heterogeneous distribution of cells in RP scaffolds are major draw-
backs of these scaffolds in tissue engineering applications, which
demands further research into the optimization of scaffold archi-
tectures and materials. One of the main aspects of scaffold archi-
tecture is the pore structure, which is determined by the size,
size distribution, geometry and continuity of the individual pores
within the scaffold. The pore structure plays an essential role in cell
migration and adhesion, tissue formation, mechanical properties
and nutrient diffusion, among other things. As mentioned before,
RP might be used to easily control the scaffold architecture in order
to obtain better results in terms of combining enhanced tissue
growth with adequate mechanical properties [17,26–31]. To our
knowledge there have been few experiments using gradient pore
size or porosity 3D scaffolds to control the spatial organization of
cells and increase the seeding efficiency for tissue engineering
applications [32–39], probably due to considerable difficulties in
both fabrication and correlating biological responses with scaffold
architecture. Previous work by our group has shown that cell seed-
ing is less efficient when the cell culture medium travels from the
top of a scaffold through a porous structure having more direct
paths for passage of the medium. In this study we hypothesize that
scaffolds produced by a one-step fabrication process featuring two
pore size gradients along one direction can improve cell seeding
efficiency as well as the spatial distribution of the cells within
the scaffolds compared with scaffolds featuring homogeneously
spaced pores. More tortuous conduits inside the scaffold should in-
crease the residence time of cells in the scaffolds and increase the
likelihood of contact between the cells and the surface of the
scaffold.

For these experiments we used a starch-based material starch/
poly(e-caprolactone) blend (SPCL). Although SPCL can reduce cell
proliferation rates [40], its low cytotoxicity in vitro [40,41], good
biodegradability [42], and weak potential to stimulate an inflam-
matory response in vivo [43] make it a promising material for tis-
sue regeneration applications. The improved scaffold architectures
developed in this study are expected to further improve the mim-
icking of human tissue structures, as zonal variations in extracellu-
lar matrix are usually found in connective tissues.

2. Materials and methods

2.1. 3D scaffold fabrication

The material studied in this work was a blend of corn starch
with poly(e-caprolactone) (30/70 wt.%, Novamont, Italy) as this
material has previously been optimized for use in 3D scaffolds pro-
duced by 3D plotting and injection molding for tissue engineering
applications [37,43]. SPCL granules were milled in an ultra-centrif-
ugal mill (ZM-100, Retsch, Germany) with liquid nitrogen at 14,000
r.p.m. in order to facilitate melting during processing. The scaffolds
used in all experiments were fabricated using 3D plotting (Bioplot-
ter, EnvisionTec GmbH, Germany). Alternating layers were ori-
ented at 90" to each other. The scaffolds were fabricated as
5 " 5 " 5 mm cubes. The size of the scaffolds was due to the low
speed of the 3D plotting process, which makes the production of
a significant number of larger scaffolds than the ones here difficult.
Each layer was plotted using a layer thickness (d1) of 0.19 mm.
Fig. 1 shows the dimensional parameters of the scaffolds produced.
In this study various scaffold architectures were produced: two

homogeneous scaffolds exhibiting fiber spacings (d3) of 0.75
(Homog 1) and 0.1 mm (Homog 2) and two gradient scaffolds
exhibiting distinct pore size variation with depth. The two gradient
scaffolds were Grad 1, in which the pore size in the outer layers
(d3 = 0.75 mm) progressively decreased by 0.05 mm layer by layer
resulting in a pore size of 0.1 mm in the middle. and Grad 2, in
which the pore size in the outer layers (d3 = 0.1 mm) progressively
increased by 0.05 mm layer by layer resulting in a pore size of
0.75 mm in the middle. A schematic representation of these scaf-
folds is presented in Fig. 2.

2.2. Scaffold characterization

2.2.1. Scanning electron microscopy
Morphological characterization of the scaffolds was performed

by scanning electron microscopy (SEM) (Nova NanoSEM 30, FEI,
USA). All specimens were pre-coated with a conductive layer of
sputtered gold. The micrographs were taken at an accelerating
voltage of 15 keV at different magnifications.

2.2.2. Micro-computed tomography
The architecture of the scaffolds was analyzed by micro-com-

puted tomography (l-CT) using a desktop micro-CT scanner (Sky-
Scan 1072, Belgium) at a voltage of 40 kV and a current of 248 lA.
Three scaffolds for each experimental condition were scanned at
7.53 lm xyz resolution with an exposure time of 1792 ms. Isotro-
pic slice data were obtained by the system and reconstructed into
two-dimensional (2D) xy slice images. Slice images were subse-
quently compiled and analyzed to render 3D xyz images and to ob-
tain quantitative architectural parameters. A l-CT analyzer and l-
CT volume realistic 3D visualization software from SkyScan (Bel-
gium) were used for image processing to reconstruct and create/
visualize 3D scaffold representations. All samples were recon-
structed using a circular region of interest (ROI) with 160 slices.
Identical threshold levels were defined for all the samples in order
to eliminate image noise and to distinguish dense material regions
from pore voids. Threshold levels were additionally inverted to ob-
tain total porosity and to analyze pore morphology and intercon-
nectivity. The -CT equipment was calibrated to provide accurate
data at the length scale utilized. Taking into account the diameter
of the fibres and the sizes of the pores this technique provides reli-
able data on the structural characteristics of the scaffolds.

2.2.3. Static mechanical testing
The mechanical properties were determined using a universal

tensile testing machine (Instron 4505) in compression mode. Sam-
ples were previously hydrated in phosphate-buffered saline (PBS)
for 24 h and tested at 37 "C. A cross-head speed of 2 mmmin#1

was used until 80% deformation. The modulus (E) was estimated
from the initial slope of the stress–strain curve (linear part of the
curve). Creep recovery measurements were performed at 37 "C for
24 h in PBS. After the stress was removed the samples were allowed
to recover for 24 h. The values reported are the average of five spec-
imens. The percentage recovery was calculated using the equation:

Recovery$%% & final scaffold height$24 h%
initial scaffold height$before loading%

" 100

2.2.4. Dynamic mechanical analysis
Compression tests were carried out by dynamic mechanical

analysis (DMA) (Tritec 2000B, Triton Technology, UK) in order to
characterize the mechanical properties of scaffolds with varying
morphologies. Prior to any measurements the scaffolds were im-
mersed in PBS until equilibriumwas reached (overnight). The mea-
surements were carried out at 37 "C under full immersion of the
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sample in PBS. The samples were cubs with sides of 5 mm. Exper-
iments were carried out in compression mode following cycles of
increasing frequency ranging from 0.1 to 16 Hz, with a constant
strain amplitude of 0.07 mm. The frequency range chosen covers
the characteristic timescales of the periodic loads felt by the scaf-
fold in vivo (e.g. frequency of skeletal movement and passage of
blood, among others). The high frequency limit used in this study
should provide information about the viscoelastic properties for
the equivalent of short times (e.g. equivalent to a shock or sudden
impact felt by the construct). Moreover, the frequency range used
is within the typical frequency interval employed in DMA studies.

2.3. Seeding efficiency and distribution of osteoblast-like cells

2.3.1. Cell culture
The human osteosarcoma cell line SaOs-2 was obtained from

the European Collection of Cell Cultures (ECCC, UK). Cells were cul-

tured at 37 "C in a humidified atmosphere with 5% CO2 using Dul-
becco’s modified Eagle’s medium (Sigma, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS, Biochrom AG, Ger-
many) and 1% antibiotic (Gibco, USA). A third passage SaOs-2 cell
suspension (1 " 106 cells) was prepared by trypsinisation (0.25%
trypsin/EDTA solution, Sigma, USA). The scaffolds were placed in
48-well plates not treated for tissue culture to diminish adhesion
and proliferation of cells on the surface of the wells. A drop of
50 ll of the cell suspension was seeded on the top surface of each
scaffold. After a period of 3 h 1 ml of medium was additionally
added to each well. A similar technique has been used elsewhere
[44]. The scaffolds were left under standard cell culture conditions
for 12 h to give the cells enough time to adhere to and establish
themselves in the different scaffolds. Due to the technology em-
ployed in this work the resulting scaffolds exhibit full interconnec-
tivity between the pores and therefore one would expect not only
that cells have access to nutrients and oxygen in the first 12 h but

Fig. 1. Scaffold dimensional parameters: d3, fiber spacing; d2, fiber diameter; d1, layer thickness; l, width of the scaffold; h, height of the scaffold.

Fig. 2. CAD 2D sections, pore size along the scaffolds, 3D models and SEM pictures for both homogeneous and pore size gradient scaffolds designed and produced by 3D
plotting techniques for this study.
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also that cell death in the interior of the scaffolds is not an impor-
tant factor that could affect cell seeding efficiency and distribution.

2.3.2. Fluorescence analysis
All scaffolds selected for fluorescence microscopy were fixed in

2.5% glutaraldehyde (Sigma, USA) solution in PBS for 1 h at 4 "C.
After washing in PBS the specimens were cut using a bistoury.
The sections were stained with the nuclear stain DAPI (Sigma)
for 1 min and then washed three times with PBS. The sections were
observed via fluorescence microscopy with a UV filter for DAPI
staining. The images were also analyzed using ImageJ with a color
histogram plugin. A threshold in the blue range was applied to the
images in order to remove the background and display only the
blue associated with staining of the cells. The images were then di-
vided into eight slices from top to bottom and the percentage of
blue against the black was calculated for each slice using ImageJ.

2.3.3. Seeding efficiency analysis
In order to determine seeding efficiency scaffolds were kept for

12 h under static conditions following cell seeding. Cells were left
in the scaffolds for 12 h to guarantee that they had enough time to
attach and adapt to the different scaffold architectures analyzed in
this work. After this period the scaffolds were removed and the
remaining cells in the wells were counted using a counting cham-
ber method. Upon removal of the medium, cells attached to the
bottom of the wells were removed by trypsinisation (0.25% tryp-
sin/EDTA solution, Sigma, USA). The seeding efficiency for each
scaffold was calculated by taking into account the initial number
of cells that were added to the scaffold and the residual number
of cells in the respective well after 12 h. One would expect very
low proliferation of cells in the non-tissue culture treated wells
during the initial 12 h and the proliferation rate in the well to be
constant, independent of the scaffold type in the well. Therefore,
the contribution of cell proliferation in the well to absolute seeding
efficiency values during the 12 h period was ignored. Moreover,
this technique can provide a valid comparison between the seeding

efficiency on different scaffolds using the same seeding technique
and materials, since any significant differences in seeding effi-
ciency can only be due to the different type of scaffold. This tech-
nique was also chosen in order to be able to perform a complete of
analysis at different time points using the same samples (cell dis-
tribution by fluorescence analysis and scanning electron micros-
copy, among others). The values reported are the averages for at
least 10 specimens of each type of scaffold. The seeding efficiency
was calculated using the equation:

Seeding efficiency$%% & $cells added to scaffold# cells in wells%
cells added to scaffold

" 100

2.4. Statistical analysis

Eight replicates were used for all the analyses. The data were
statistically analyzed using a t-test. In all statistical comparisons
P < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Scaffold characterization

3.1.1. Scaffold morphology and architecture
In the present study we have evaluated the effect of scaffold

architecture on mechanical performance, seeding efficiency and
cell distribution. We were successful in producing scaffolds with
two pore size gradients, as well as homogeneous scaffolds with dif-
ferent pore sizes (Fig. 3). The gradient pore size scaffolds were cre-
ated by controlling the pore size parameters for each layer.
Homogeneous scaffolds have no offset fiber distance between con-
secutive layers (Fig. 3), however, the gradient scaffolds have a con-
tinuous offset (0.05 mm) between consecutive layers. Fig. 4 shows
the junction between orthogonal fibers and final fiber surface. The

Fig. 3. SEM pictures of cross-sections of (A) Grad 1, (B) Grad 2, (C) Homog 1 and (D) homog 2 scaffolds.
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design parameters adopted, in terms of the distance between lay-
ers (d1 = 0.19 mm), achieved very good bonding between the fi-
bers, which is essential for mechanical stability of the scaffolds
[45,46]. This is consistent with the lack of scaffold delamination
upon extensive manipulation and subsequent mechanical testing.
Fig. 4a and 4b also clearly shows the surface of the fibres: one
can detect some asperities randomly dispersed on the surface with
dimensions of about 5–10 lm. Although we have not analyzed the
suitability of the surface of SPCL plotted fibers for cell attachment,
the micro-roughness developed upon processing is believed to play
an important role in cell attachment and proliferation [2,3,47–49].

To our knowledge there are few studies that have reported a
continuous layer by layer pore size gradient prepared by different
techniques [33,50–52], and none using 3D plotting. In this work we
fabricated scaffolds with a homogeneous pore size and others with
porosity gradients. Fig. 5a and 5b presents pore size and local
porosity as a function of scaffold height as measured by SEM and
l-CT of five samples. Standard deviations are not represented in
order to increase the readability of the figures. However, the error
was below 0.015 mm for fiber spacing and 2.6% for porosity, which

testifies to the high reproducibility of scaffold fabrication. For
homogeneous scaffolds the porosities for pore sizes of 0.75 and
0.1 mm are 84% and 31%, respectively. In contrast, for gradient
scaffolds the porosity values vary continuously between 84% and
31%.

In order to fully understand the mechanical properties and the
cell seeding efficiency of scaffolds we determined the total porosity
of each type of construct by l-CT (Fig. 6). As expected, for gradient
scaffolds the total porosity values are intermediate between those
obtained for homogeneous scaffolds. For Grad 1 the total porosity
is 60% while for Grad 2 the total porosity is 56%. This is explained
by the fact that Grad 2 scaffolds have two layers with the lowest
pore size (d3 = 0.1 mm), while Grad 1 scaffolds have only one layer
with this pore size present at the middle of the scaffold. The
Homog 1 scaffolds have a porosity of 81%, while the Homog 2 scaf-
folds have a porosity of 31%, which correlates with the values in

Fig. 4. SEM pictures of (A) the junction between fibres and (B) the fiber surface.

Fig. 7. Representative stress–strain curves for each type of scaffold.
Fig. 5. Variations in porosity and fiber spacing of gradient and homogeneous
scaffolds.

Fig. 6. Total porosity in the scaffolds studied.
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previous studies using similar types of scaffolds and similar fabri-
cation techniques [16,26,30,31].

3.1.2. Mechanical analysis
Characterization of the compressive characteristics of the scaf-

folds is important in many tissue engineering applications [53].
Fig. 7 shows the stress and strain curves obtained for all samples
at 37 C. There is a clear difference in the energy absorption upon
deformation between scaffolds up to 80% strain (see Fig. 7). When
comparing the results presented in Fig. 7 with those in Fig. 8a it is
evident that gradient scaffolds have intermediate mechanical per-
formance compared with homogeneous scaffolds, indicating the
expected relationship between porosity of the scaffolds and the
respective mechanical properties. Nevertheless, this correlation is
not linear, as the relative difference in porosity between the Grad
1/Grad 2 and Homog 2 scaffolds does not on its own account for
the differences in stiffness. This may be attributed to other factors,
such as the orientation and relative positioning of the fibers along
the scaffold, which can play a key role in determining the final
mechanical performance [26,54–56]. A starch–polycaprolactone
(30/70 wt.%) material has been shown to have a Young’s modulus
of approximately 400 MPa. However, these values may vary con-
siderably depending the on temperature and humidity (from 100
to 800 MPa) [57,58]. Moreover, when considering scaffolds with
high porosities tested under physiological conditions the Young’s
modulus can decrease to 0.8–30 MPa [59]. The values reported
here correlate with those found in the literature for 3D scaffolds
based on starch [60].

Scaffold resilience upon creep deformation is very important in
tissue engineering applications [53]. Fig. 8b shows that the archi-
tecture of a scaffold influences its resilience. The gradient scaffolds
recovered approximately 77% of their initial height after a defor-
mation of 60%, while the homogeneous scaffolds Homog 1 and

Homog 2 recovered 87% and 67% of their initial height, respec-
tively. The total porosity of the scaffolds can once more be related
to these values. It is known that the modulus of interconnected
porous materials is dependent on their relative density, i.e. the in-
verse of porosity. This is evident from the greater stiffness of
Homog 2 compared with the more porous architectures produced
here. The Gibson and Ashby model for the compression of open cell
elastic foams shows that upon continuous compression buckling of
the structure will ultimately occur at a given collapse stress that is
proportional to the material density. Although such a model is not
directly related to our case, the basic fundamentals are still useful
in explaining the different resilience values reported for the differ-
ent scaffold architectures. For a given compression deformation
applied during creep testing a higher stress is imposed on Homog
2 scaffolds, due to its greater stiffness, compared with the Grad 1,
Grad 2 and Homog 1 scaffolds. Therefore, for the same imposed
deformation the higher stress applied to Homog 2 scaffolds causes
more extensive collapse of the structure. These results indicate
that despite stiffness being a parameter that needs to be consid-
ered in the design of new scaffolds for biomedical applications it
can negatively affect the ability of a scaffold to recover after defor-
mation. One could argue that the ability of a scaffold to avoid plas-
tic deformation, remaining in an elastic state, and being able to
recover can be as important as stiffness in the design of materials
and scaffold architectures for biomedical applications.

The viscoelastic properties of a polymer determine the mechan-
ical behavior when used as an implanted biomaterial. It has previ-
ously been shown that DMA is able to characterize the viscoelastic
properties of starch-based biomaterials [61–63], the mechanical
responses of which are highly dependent on the hydration level
[64,65]. DMA was used in this work to characterize the viscoelastic
properties of the SPCL 3D scaffolds under wet conditions. The
dependence of the storage modulus (E0) and frequency loss factor

Fig. 9. Variations in (A) E0 and (B) tan d with frequency for the scaffolds studied at 37 "C in PBS.

Fig. 8. Values of (A) Young’s modulus and (B) percentage recovery for the scaffolds studied after a deformation of 80%.
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(tan d) at 37 "C in PBS solution are presented in Fig. 9. Essentially, a
slight increase in E0 and decrease in tan d is detected for SPCL with
an increase in frequency in the range analyzed (0.1 and 16 Hz).
tan d is a measure of the damping capability of the material and
is related to the relative weight of the viscous and elastic features
of the material and is not directly linked to porosity. Therefore, the
trends in tan d among the different structures are not the same as
observed for the Young’s modulus and elastic modulus, which are
strongly dependent on porosity and scaffold internal architecture.
Fig. 9 also shows that the values of tan d at body temperature were
between 0.09 and 0.15, which is a narrow range for this type of
test. These values are in agreement with those previously reported
for this material [66–68] and indicate that SPCL is able to dissipate
a significant fraction of the imposed mechanical energy. It would
also be interesting to compare the obtained values of tan d with
those found in native tissues. Other studies have shown that tan d
values for biological tissues like bone are of the same order of mag-
nitude as the values of tan d reported here [69]. Fig. 9b indicates
that the structures with a gradient morphology have slightly high-
er tan d values than the homogeneous ones, but the differences ob-
served between these two kinds of scaffolds are unclear and any

discussion at this stage would be speculative. Regarding E0, the val-
ues from DMA are very similar to those obtained under quasi-static
testing, and the same relationships to porosity and pore architec-
ture are again observed.

3.2. Biological performance of the scaffolds

3.2.1. Seeding efficiency and distribution of cells
To evaluate cell response to the scaffold architecture the con-

structs were cultured in vitro for 12 h, after which all experiments
were conducted. As was mentioned before, seeding efficiency plays
a major role in tissue engineering approaches and is mainly af-
fected by the scaffold material and the respective porous architec-
ture. Fig. 10 shows the seeding efficiency for each scaffold type. The
seeding efficiencies of Grad 1 and Grad 2 were approximately 70%
and 56%, respectively. For the homogeneous scaffolds Homog 1 and
Homog 2 the seeding efficiencies were approximately 30% and 40%,
respectively, which correlates with the values in the literature
[18,27]. The results indicate that in the gradient scaffolds, espe-
cially Grad 1, there was a significant improvement in seeding effi-
ciency. Although seeding efficiency has been associated with the
surface area available for cells to attach to, recent studies have
shown that in RP scaffolds the pore structure and scaffold architec-
ture can play a more important role [31,70]. The pore structure dic-
tates the interaction of the scaffold and transplanted cells with the
host tissue. As is known, only scaffolds having an interconnected
porous structure are able to allow free bulk transport of biomole-
cules, and in scaffolds with large enough pores (d > 10 lm) cells
are also able to migrate through them [71]. For instance, for bone
in-growth [72] the minimum pore size for cell migration and nutri-
ent diffusion is considered to be around 100 lm. However, pore
sizes above 300 lm are recommended to promote new bone for-
mation and tissue vascularization. In addition, it is also known that
3D matrices with similar porosities but different pore geometries,
such as fibrous versus spherical pores, can yield different mass
transport profiles and thus differently influence cell behavior
[6,73]. Therefore, the differences in cell seeding efficiency observed
between the Grad 1 and Grad 2 scaffolds (with similar surface
areas) and between the gradient scaffolds and Homog 2 (with a
much higher surface area) can only be explained by the differences
in scaffold architecture.

Fig. 10. Seeding efficiency for each type of scaffold. *Statistical significance (t-test,
P < 0.05) in gradient scaffolds. #Statistical significance (t-test, P < 0.05) in homoge-
neous scaffolds.

Fig. 11. Images taken with a florescence microscope of cross-sections of (A) Grad 1 and (B) Grad 2 scaffolds stained with DAPI.
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The difference between the Homog 1 and Homog 2 scaffolds can
beattributed to ahigher surface area for theHomog2scaffold,which
allows theadhesionofmore cells to the topand lower layers. In addi-
tion, the higher structural density of the Homog 2 scaffolds arising
from the higher number of junction sites between orthogonal fibres
also contributes to an increased cell seeding efficiency. The exis-
tence of more junction points should be related to better anchorage
of cells to the scaffolds, increasing the chances of cell adhesion upon
seeding. With regard to the differences between the gradient and
homogeneous scaffolds, the increase in seeding efficiency can be ex-
plained by the presence of an offset between consecutive layers in
the gradient scaffolds [12,26,27]. However, the existence of a geo-
metrical offset does not explain the absolute cell seeding efficiency
nor the relative difference between the Grad 1 and Grad 2 scaffolds,
as bothhaveanoffset.Webelieve that cell seeding efficiency is influ-
enced by both the offset of consecutive scaffold layers and the flow
conditions throughout the scaffold during cell seeding. The flow
conditionswhenpipettinga cell suspensiononto the scaffold resem-
ble the flow under dynamic seeding [74,75]. A low flow rate within

the scaffold upon seeding favors cell attachment at the fiber surface
and junction sites, while high flow rates promote cell deposition at
the bottom of the well. In addition, the existence of an offset or a
complex pore shape can also enhance the average flowpath ofmed-
iumwithin the scaffold upon seeding,which also favors seeding effi-
ciency. Thus, the flowwill probably be conditioned by the size of the
pores and the scaffold architecture. Figs. 11–13 show the cell distri-
bution with height in the scaffolds. The results show that the distri-
bution of cells is more homogeneous in Grad 1 scaffolds and in both
gradient scaffolds compared with the homogeneous ones. The
explanation for thismight also be related to that given for the higher
cell seeding efficiencies in the gradient scaffolds. The flowmechan-
ics canprobably explainwhy the cell distribution inGrad1 (Figs. 11a
and 13) is more homogeneous than in Grad 2 (Figs. 11b and 13). In
Grad 1 scaffolds there is a decrease in pore size from the initial layer
to themiddle of the scaffold,which constrains flow through the scaf-
fold. This, combined with the offset of the fibers favors cell seeding.
InGrad 2 cells tend to becomeentrapped only in the final layers near
thebottomof thewell, due to thefinal decrease in pore size. Thepos-
sibility that the seeding technique used might contribute to an
asymmetric distribution of cellswithin the scaffolds (e.g. a tendency
for cells to attachmore to the bottom and top layers of the scaffolds)
and that the same effect would not be observed using a different
seeding technique (e.g. dynamic seeding with spinning flasks) can-
not be ruled out. However, the observation that cell distribution
can be controlled by the internal architecture of a 3D scaffold and
that there is a more homogeneous cell distribution in the gradient
scaffolds produced in this work remains valid for the seeding tech-
nique used. For homogeneous scaffolds (Figs. 12 and 13) the results
in terms of cell seeding efficiency and cell distribution are not as
good. These scaffolds do not possess any offset and so the cells tend
to fall to the bottom of the scaffold, where they mostly attach. We
also assume that in bothhomogeneous scaffolds the flowofmedium
when adding a cell solution is greater than in the gradient scaffolds,
due to the nonexistence of offset layers.

4. Conclusions

Application of RP techniques to the production of anatomically
adapted bone tissue engineering scaffolds is the only method avail-
able that can create predetermined forms and internal architec-

Fig. 12. Images taken with a florescence microscope of cross-sections of (A) Homog 1 and (B) Homog 2 scaffolds stained with DAPI.

Fig. 13. Images showing (A) an example of a cross-section of scaffold Grad 1 cut
into eight slices and filtered to show only the blue associated with the cell staining
and (B) variation in the amount of blue in the scaffold slices from the top to the
bottom.

1016 J.M. Sobral et al. / Acta Biomaterialia 7 (2011) 1009–1018



tures. This work has shown that manipulation of the mechanical
properties and some biological parameters can be achieved by
optimizing such architectures. Furthermore, starch-based scaffolds
could be produced with predefined pore size gradients by a single
step fabrication process. In this context, the architecture of a scaf-
fold determines not only the physical properties, but also the cell
seeding efficiency and cell distribution within the scaffold. The
development of continuous pore size gradients is able to improve
cell seeding efficiency and induce a more uniform distribution of
cells through the scaffold.
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Appendix A

Figures with essential colour discrimination. Certain figures in
this article, particularly Figs. 11–13, are difficult to interpret in
black and white. The full colour images can be found in the on-line
version, at doi:.10.1016/j.actbio.2010.11.003.
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